We evaluate radiative corrections to the Higgs boson couplings in the inert doublet model, in which the lightest component of the Z 2 odd scalar doublet field can be a dark matter candidate. The one-loop contributions to the hV V , hf f and hhh couplings are calculated in the on-shell scheme, where h is the Higgs boson with the mass 125 GeV, V represents a weak gauge boson and f is a fermion. We investigate how the one-loop corrected Higgs boson couplings can be deviated from the predictions in the standard model under the constraints from perturbative unitarity and vacuum stability in the scenario where the model can explain current dark matter data. When the mass of the dark matter is slightly above a half of the Higgs boson mass, it would be difficult to test the model by the direct search experiments for dark matter. We find that in such a case the model can be tested at future collider experiments by either the direct search of heavier inert particles or precision measurements of the Higgs boson couplings.
I. INTRODUCTION
Inspite that the standard model (SM) has brought great success in describing the nature of particles, there are still some phenomena which cannot be explained in this model, such as dark matter, neutrino oscillation and baryon asymmetry of the universe. At the same time we know nothing about the real shape of the Higgs sector, though a Higgs boson (h) was found in 2012 [1, 2] and its basic properties turned out to be similar to those of the Higgs boson in the SM [3, 4] . Therefore, one can consider the possibility that the above phenomena are explained by introducing an extended version of the Higgs sector.
The Weakly Interacting Massive Particle (WIMP) is a promising scenario for dark matter, in which the mass of the dark matter particle is near the electroweak scale. The inert doublet model (IDM) [5, 6] is one of the simplest models for the WIMP dark matter scenario, in which an iso-spin doublet scalar field is added to the SM Higgs sector and the field is assumed to be odd under an unbroken discrete Z 2 symmetry. After electroweak symmetry breaking, there are four Z 2 odd scalar states; i.e., the CP-even H, the CP-odd A and the charged H ± scalar bosons, and the lightest component can be a dark matter candidate when it is electrically neutral.
The dark matter scenario in the IDM has been tested by various experiments for dark matter searches such as LUX [7] , SuperCDMS [8] , Fermi-LAT [9] and AMS-02 [10] . By the direct search experiments, the mass of dark matter in the IDM has been currently constrained to be around a half of the mass (125 GeV) of the Higgs boson or above about 500 GeV [11] [12] [13] . In the future, the resonance region of the former case might not be completely excluded [14] by the direct search experiments [15, 16] .
Collider experiments can also be a useful tool to test the dark matter scenario in the IDM. The phenomenology of the IDM at hadron colliders has been studied in the literature [12, [17] [18] [19] [20] [21] [22] , where final states such as a dilepton/dijet signal with missing E T following H → AZ ( * ) (H ± → AW ± ) from HA (H + H − ) production via the Drell-Yan processes have mainly been analyzed, assuming that A is the dark matter candidate. The mass determination of the dark matter has been discussed at future lepton colliders [23, 24] .
In this paper, we investigate how the dark matter scenario can be tested by the precision measurements of the couplings of the discovered Higs boson with the mass 125 GeV at future collider experiments. To this end, we evaluate radiative corrections to the hV V , hf f and hhh couplings at the one-loop level in the on-shell scheme, where V represents a weak gauge boson and f is a fermion. The calculation has been done as a part of the H-COUP project [25] , where a full set of the fortran codes to compute the Higgs boson couplings at the one-loop level is being prepared in various extended Higgs sectors such as the Higgs singlet model [26] , the two Higgs doublet models (2HDMs) [27, 28] , the Higgs triplet model [29, 30] etc [31, 32] . Although the one-loop corrections to the Higgs boson couplings in the IDM have been studied in Ref. [33] , our results partially do not agree with their results. We study deviations from the SM predictions in these Higgs boson couplings in the dark matter scenarios where the mass of dark matter is taken to be 63 GeV and 500 GeV. We find that even in the case where the mass of the dark matter is slightly above a half of the Higgs boson mass, the model can be tested at future collider experiments by either the direct search of heavier inert particles or precision measurements of the Higgs boson couplings. This paper is organized as follows. In Sec. II the IDM is briefly reviewed, and its dark matter 
II. MODEL
The scalar sector of the IDM contains a complex isospin doublet field Φ 2 with hypercharge Y = 1/2 in addition to the SM Higgs doublet field Φ 1 . The inert doublet field Φ 2 is odd under a discrete Z 2 symmetry. Under the electroweak symmetry SU (2) × U (1) and the unbroken discrete Z 2 symmetry, the Higgs potential is given by
where all parameters can be takes to be real. The coupling constants are bounded by several theoretical constraints such as vacuum stability [5, 34] and perturbative unitarity [35, 36] . The requirement of vacuum stability is as provided below,
We evaluate constraints on the coupling constants from perturbative unitarity adopting the formulae given in Refs. [35, 36] .
The doublet scalar fields are parameterized as
where h is the SM Higgs boson with the mass 125 GeV, v is the vacuum expectation value (VEV), and G + and G 0 are Nambu-Goldstone bosons which are absorbed into the longitudinal components of the W and Z bosons. We call additional (Z 2 odd) scalar bosons H, A, H ± the inert scalar bosons.
After imposing the stationary condition, masses of scalar bosons are given by m In the both cases, the data of ∆T imply that a mass difference between H ± and a neutral inert scalar boson (∆m) must not be too large, i.e. ∆m O(10) GeV. Following regions have also been excluded by direct searches of inert scalar bosons at LEP II [40, 41] ,
where we assume m A < m H .
III. DARK MATTER
The lightest neutral inert scalar boson (either H or A) can be a candidate of dark matter. In this paper, we assume that A is the dark matter; i.e. m A < m H , which corresponds that λ 5 is positive.
The data for the thermal relic abundance [42, 43] bound the mass region of dark matter to be 3GeV m A 100 GeV and m A 500 GeV under the assumption that only the lightest inert scalar boson is dark matter [12, 13, 17, 18, [44] [45] [46] [47] [48] [49] . Moreover, the mass region has been narrowed down to 50GeV m A 80 GeV and m A 500 GeV by the current data of direct detection of dark matter [6, 11-13, 17, 18, 44-49] . It is hard to completely explore the remaining region at future experiments of direct searches such as Xenon 1T [15] and LZ [16] and so on. If there are other dark matter candidates in addition to the inert scalar boson, the region for m h /2 m A 500 GeV also can not be excluded by data of relic density [11] [12] [13] .
In this paper, we are especially interested in the question whether or not it is possible to test the dark matter scenario in the challenging regions of direct searches by using future precision measurements of the Higgs boson couplings. In particular, we consider the following bench mark scenarios,
where m H = m H ± is assumed to satisfy the data of the T parameter [37] . In TABLE I, parameters in these scenarios are listed. Once we set m A and µ 2 2 to be those of Scenario-A, the value of λ A is determined as, due to Eq. (7), where we define λ A ≡ λ 3 + λ 4 − λ 5 . In Scenario-B, the relic abundance of dark matter cannot be realized when the mass difference between A and H ± is not small. In this case, we should suppose that there is another additional source of dark matter to satisfy the relic abundance.
In addition to Scenario-A and Scenario-B, we define the third scenario just as a counter example, Scenario-C, in which all inert scalar bosons are degenerated. This scenario is not related to dark matter.
IV. CALCULATION OF ONE-LOOP CORRECTIONS TO THE HIGGS BOSON COU-

PLINGS
In the IDM, the structure of counter-terms for the Higgs boson couplings is essentially the same as those in the SM [50] , since there is no mixing between the SM fields and the additional inert fields. We here give the brief description for our renormalization scheme for completeness.
Regarding the Higgs potential in Eq. (1), there are eight bare parameters; i.e., m h , v, T h , m H , m A , m H ± , µ 2 and λ 2 , where T h is the tatpole for h. They are shifted to the renormalized parameters and the counter terms as
For our current task to calculate one-loop contributions to the Higgs boson couplings, only three of them are used; i.e., δm 2 h , δv and δT h . In addition, the wave function renormalization parameters is introduced for scalar fields as
where ϕ represents all scalar bosons, ϕ = h, H, A, H ± , G 0 and G ± .
The renormalization of the vacuum expectation value δv is evaluated by using the relation
where the 1PI diagram contributions Π 1PI W W,T (p 2 ) to the W boson two point function in the IDM are given in Eqs. (A9) and (A13) in Appendix. In our calculation, we neglect the box diagram contribution as they do not contain the one-loop contribution of inert scalars.
Renormalized tadpole parameter and two point functions for the Higgs boson h are expressed
where Γ 1PI h and Π 1PI hh [p 2 ] are the one-loop contributions of 1PI diagrams. We determine δT h , δm 2 h and δZ h by imposing the following renormalization conditions,
Obtained counter terms are
where the concrete expressions of Γ 1PI h and Π 1PI hh (p 2 ) are given in Eqs. (A4), (A5), (A17) and (A18) in Appendix.
The triple Higgs boson coupling is given at the tree level by
and the one-loop corrected hhh vertex is calculated aŝ
where the counter term δΓ hhh is given by
and the 1PI diagram contribution Γ 1PI hhh in the IDM is given in Eqs. (A19) and (A20) in Appendix. The hV V (V is a vector boson W or Z) vertices are expressed in terms of the form factors as
and the vertex function for the Higgs boson coupling with a fermion can be decomposed as
They are given at the tree level by
At the one-loop level, each renormalized form factor can be expressed bŷ
where p 1 and p 2 (q) in the form factors of hXX are the incoming momenta of the particles X and X (the outgoing momentum of the h field). Γ tree hXX , δΓ hXX and Γ 1PI hXX are the tree level contribution, the counter term and the one-loop 1PI diagram contributions to the hXX coupling, respectively. 
where δm 2 V , δZ V , δm f and δZ f V are the mass counter terms and the wave function renormalization factors of weak gauge bosons and fermions, respectively, and they are given by
and
where the concrete expressions of the 1PI diagram contributions to the gauge boson two point function Π 1PI V V,T (p 2 ) (V = W and Z) and those to the fermion two point functions Π 1PI f f,V (p 2 ) and Π 1PI f f,S (p 2 ) are presented in Eqs. (A9), (A13), (A8), (A12), (A14) and (A16) in Appendix, respectively.
V. DEVIATIONS ON THE HIGGS COUPLINGS FROM THE SM PREDICTIONS AT THE ONE-LOOP LEVEL
A. The scaling factors
The deviations in the Higgs boson couplings from the SM values are measured by introducing the scaling factors κ X (= 1 + ∆κ X ). We define the one-loop corrected scaling factors in the IDM by
In the following discussions, we set the value of q 2 to be (m V + m h ) 2 , m 2 h and (2m h ) 2 for the hV V , hff and hhh couplings, respectively. We also numerically calculate the deviation on the decay rate of the process h → γγ from the SM prediction at the one-loop level [49, 51, 52] . The deviations on the effective coupling hγγ is defined as
We here give several approximate formulae for the one-loop corrected Higgs boson couplings.
First of all, we consider the case where all inert scalar bosons are degenerated in mass, namely the case corresponding to Scenario-C. If we expand ∆κ X by ǫ (≡ m 2 h /m 2 H ± ≪ 1), we obtain the following approximate analytic formulae;
where c Φ = 2 (1) for Φ = H ± (H, A). The masses of inert scalar bosons are given in Eqs. (5) to (7), which take a common shape as
If m Φ is large because of a large µ 2 2 (≫ v 2 ), then m 2 Φ ≃ µ 2 2 so that the one-loop contributions given in Eqs. (51) and (52) are suppressed by 1/m 2 Φ in the large mass limit. On the other hand, when µ 2 2 ∼ v 2 , the one-loop contributions in Eqs. (51) and (52) take positive power-like contributions; i. e., in proportion to m 2 Φ for ∆κ Z and ∆κ f and to m 4 Φ for ∆κ h . In such a case, the scaling factors can be significantly large due to these non-decoupling contributions. In particular, ∆κ h can easily be larger than 100%, as previously pointed out in the context of the ordinary 2HDM or other extended Higgs sectors in Refs. [26, 28] .
Next, we give another approximate formulae with m H ≃ m H ± corresponding to Scenario-A and Scenario-B as follows,
where ǫ ′ = m 2 h /m 2 H ± . These approximate formulae are derived by expanding with the limit as ǫ ′ ≪ 1. For Scenario-A, we see that loop corrections due to the inert particles other than A always appear taking the form proportional to m 2 Φ for ∆κ Z and ∆κ f and to m 4 Φ for ∆κ h , because µ 2 2 is set to be about (61.5 GeV) 2 (≪ v 2 ) and m A is 63 GeV. Therefore, due to the non-decoupling effects, we have relatively large deviations in the Higgs boson coupling from the SM values in Scenario-A for relatively large values of m Φ . In Scenario-B, we also can have similar large deviations when m Φ ≫ 500 GeV as we show numerically later.
where the first, the second and the third terms are cntributions from the H ± loop, fermion loops and the W boson loop, respectively. 
B. Numerical Evaluation
We here show our numerical results of ∆κ X (X = Z, b, γ and h), where b represents the bottom quark. The following input values are used [53] ; We investigate the following regions for masses of the inert scalar bosons in each scenario,
Scenario-B 500 GeV ≤ m H ± ≤ 1000 GeV,
where Φ represents H, A and H ± . For all scenarios, we set λ 2 to be 1. The other parameters for Scenario-A and Scenario-B are shown in TABLE I. For Scenario-A and Scenario-C, we take the mass of inert scalar boson from 100 GeV to 1 TeV except that for the dark matter candidate A, taking into acount the bound on m H ± from the LEP experiment [40, 41] .
In Fig. 1 , we show the results for ∆κ X (X = γ, Z, b, h) of Scenario-A (Black), Scenario-B (Blue)
and Scenario-C (Orange) as a function of m H ± under the theorectical constraints from perturbative unitarity and vacuum stability. First, we discuss the result of ∆κ γ shown in the top panel of Fig. 1 . In Scenario-A, the value of ∆κ γ keeps to be 4 -5 % without depending on m H ± . We can understand from Eq. (57) the reason why the H ± loop corrections is usually non-zero value. Since the value of µ 2 2 is fixed to be about (61 GeV) 2 , the non-decoupling effect is given in the region for m H ± > 100 GeV. In Scenario-B, we can see that ∆κ γ is equal to 0 when H ± and A are degenerated, because of µ 2 2 ≃ m 2 A . The hγγ coupling can deviate from the SM prediction by maximally about −3.2 %. For predictions of Scenario-A and Scenario-B, parts of the dashed curves are excluded by the perturbative unitarity bound. κ γ is expected to be measured with 2-5 % (1σ) accuracy at the HL-LHC [54, 55] so that these scenarios may be tested by detecting such deviations in the hγγ coupling. In particular, we can exclude Scenario-A if a significant deviation is not detected. In Scenario-C, ∆κ γ is expected to be from about −7% to about 9% in small mass region. ∆κ γ > 0 is caused by the negative sign of λ 3 which determine the form of the hH + H − coupling as λ hH + H − = −λ 3 v. For larger region of m H ± than about 600GeV, smaller values of ∆κ γ are excluded by the unitarity bound so that ∆κ γ approaches to 0 in the large mass limit.
From the top right panel and the down left panel of Fig. 1 , we can find that the behavior of ∆κ Z is similar to that of ∆κ b in all scenarios. In Scenario-A and Scenario-B, the deviations in the hZZ coupling is suppressed compared to that of the hbb coupling, because the cancelation happens between the 1PI diagram contributions to Γ 1PI hZZ and those to δZ h in δΓ 1 hZZ in Eqs. (38) and (40) . We can see that magnitudes of deviations on the hZZ and the hbb couplings enhance as m H ± becomes large. In Scenario-A and Scenario-B, maximal values of |∆κ Z | (|∆κ b |) are about 1.2% (1.3%) and 0.8% (1.2%) at m H ± = 680 GeV and 850 GeV which are given by the perturbative unitarity bound, respectively. In Scenario-C, the maximal value of the one-loop corrections to the hZZ and hbb couplings are about −2.5 % which is realized in m H ± ≃ 600 GeV. |∆κ Z(b) | grows with the speed m 2 Φ to m Φ ≃ 600 GeV. In the region with m Φ 600 GeV, the unitarity bound reduces deviations in the hZZ and hbb couplings. In these figures, a bump can be seen at around
GeV. This can be understood as a threshold effect. The direction of the threshold effect depends on the sign of λ hΦΦ (= −λ 3 v), which can be both positive and negative under the vacuum stability bound in Eq. (2). Except for these regions of the threshold enhancement, ∆κ Z and ∆κ b do not deviate to the positive direction from the SM prediction. This is consistent with our approximate analytic formula in Eq. (51). These results, however, are different from those in Ref. [33] , where about +2.2% of the positive deviation from the SM prediction is seen in the hZZ coupling.
The down right panel shows ∆κ h in all scenarios. We can find that extremely significant deviations can appear in the hhh coupling in all scenarios. ∆κ h can be typically 100%, and maximally about 600 %, 400 % and 450 % in Scenario-A, Scenario-B and Scenario-C, respectively, under the constraints from perturbative unitarity and vacuum stability. Each value of m H ± where the maximal value of ∆κ h is realized corresponds to those of ∆κ Z and ∆κ b . Such a large deviation can be realized by non-decoupling loop effects of the additional scalar bosons Φ with quartic power of m Φ , which was known in the other extended Higgs sectors [30, 56, 57] . One of the physics cases in which these non-decoupling effects appear is the case with the strongly first order phase transition which is required for a successful scenario of electroweak baryogenesis [58, 59] extended Higgs sectors when they are detected at future colliders.
In Fig. 2 , we show correlations among ∆κ γ , ∆κ Z , ∆κ b and ∆κ h in Scenario-A, Scenario-B
and Scenario-C. We survey parameter regions given in Eqs. (58)- (60) under the constraints from purturbative unitarity and vacuum stability in each scenario. Definition of colors for the predicted regions of these scenarios are the same as those in Fig. 1 . What we can learn from these results?
Suppose that in the future the deviation in κ Z is detected and its central value is about -1%, we can discriminate the model from the SM by measuring κ γ if κ γ deviates from the SM predictions in the negative direction, and we can exclude Scenario-B. In addition, by measuring the hhh coupling, we can separate Scenario-A and Scenario-C.
VI. CONCLUSION
We have evaluated radiative corrections to the Higgs boson couplings in the IDM. The one-loop contributions to the hV V , hf f and hhh couplings have been calculated in the on-shell scheme.
We have evaluated the scaling factors for these couplings and have investigated how the one-loop 
are given by,
We show one-loop contributions of 1PI diagrams to one-, two-and three-point functions by using Passarino-Veltman functions [64] according to the notation in Ref. [65] . We write 1PI diagram contributions to each function separately for fermion loop contributions and boson loop contributions which are expressed by index F and B, respectively.
One-loop contributions to the tadpole state Γ 1PI h,(F,B) are given by,
where N f c indicates the color number of each particle.
One-loop corrections to transverse parts of two-point functions of gauge bosons are calculated as,
where
The vector, axial vector and scalar parts (Π 1PI f f,V , Π 1PI f f,A and Π 1PI f f,S ) of one-loop contributions to two-point functions of a fermion field is identical to those of the SM, because the inert scalar particles do not couple to fermion directly. Π 1PI f f,V , Π 1PI f f,A and Π 1PI f f,S are calculated as
One-loop 1PI contributions to the form factor Γ 1,1P I hZZ of hV V vertex are expressed by, 
1PI diagram contributions to the scalar part of the hf f vertex is given by,
